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The corrosion and erosion of steam generator tubing in nuclear power 
plants can present problems of both safety and economics. In steam gene-
rators, the inconel tubes are fit loosely through holes drilled in carbon 
steel support plates. Corrosion is of particular concern with such tube/ 
support plate structures. Non-protective magnetite can build up on the 
inner surface of the support plate holes, and allowed to continue unchecked, 
will fiii the gap, eventually denting and fracturing the tube walls. There-
fore, periodic nondestructive inspection can be valuable in characterizing 
corrosion and can be used in evaluat ing the effectiveness of chemical treat-
ments used to controlor reduce corrosion. Presently, we are investigating 
the ,feasibility and practicality of using ultrasound in routing testing for 
gap measurement,for evaluat ing the corrosion and assessing the degree of 
denting. The tube/support structure can be modeled as a multilayer, rever~ 
berant target, which when tested with ultrasound results in two sets of 
reverberating echoes [1]. One set corresponds to the tube wall and the other 
to the support plate. These echoes must be decomposed and identified in 
order to evaluate the tube/support structure. This report presents experi-
mental results along with a discussion of various measurements and process-
ing techniques for decomposingand interpreting tube/support echoes at 
different stages of corrosion. 
MULTILAYER MODEL AND ECHO CLASSIFICATION 
The steam generator tube/support structure is composed of the following 
thin layers: the inner inconel tub ing , the intermediate water gap, and the 
surrounding steel support plate (see Figure 1). Ultrasonic examination of 
these inherent thin layers produces multiple reflections (reverberations) 
which are not readily resolvable. Thus, this section contains the presenta-
tion of a model of reverberant echoes and their application to steam 
generators tube/support plate evaluation. 
Through detailed experimentation and extensive computer simulation, an 
echo classification model was developed and presented in earlier reports [1-31 
This model allows for the classification and identification of the boundaries 
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519 
(al 
4'\):=t= STEEL SOPPORT PLATE 
'r INCONEL TUBE 
FLOW HOLE 
(bl 
ULTRASONIC PULSE 
~ 
Reqion I--'" 
(Waterl 
Reqion-II ~ 
(Tube Wall) 
Reqion III __ 
(Wate!'" Gap) 
Reqion IV ~ 
(Support Plate) 
Figure 1. Steam Generator Tube/Support Plate Structure 
(a) A Cross Section Schematic (b) The Multi-
layer Model 
of the inconel tube, the water gap, and the steel support plate. Ultrascnic 
testing of the tube/support plate structure results in two dominant sets of 
multiple echoes, one set is referred to as class 'a' echoes (tube echoes) 
and the other as class 'b' echoes (support plate echoes). Class 'a' echoes 
are defined as the set of alI echoes which reverberate continually in the 
inconel tube, and only once in the water gap. The equation for the measured 
backscattered signal is: 
where 
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sl(t) = L aku(t-2kT2) 
k 
s2(t) = L bku(t-2kT2-2T3) 
k 
Tube Echoes 
Support Plate Echoes 
u(t) = measurement system impulse response. 
= reflection coefficient between (incident) 
region i and region j (see Figure lb). 
~ij = transmission coefficient between (incident) 
region i and region j (see Figure lb). 
T2 = represents the traveling time in the 
tube wall (see Figure lb). 
T3 = represents the traveling time in the 
water gap (see Figure lb). 
n(t) = All other echoes plus measurement noise. 
(1) 
The component n(t) is the estimation error, where it is dependent upon: 
(1) the other reverberant low intensity echoes not considered, (2) the 
amount and type of the debris in the water gap, (3) the magnitude of grain 
noise in the tubewall, and (4) the degree of deteriorat ion , or roughness, 
of the boundaries of the tube/support structure. 
The general envelope of the two sets of multiple echoes, class 'a' and 
'b', are very different from each other. The 'a' echoes are depicted by an 
exponential decay, where as the number of reverberations increases, the 
amplitude decreases. However, the 'b' echoes have a maximum not at the be-
ginning of the backscattered signal, but at a point which is dependent upon 
the reflection coefficients of the boundaries of tube and support plate. 
The 'a' echoes and 'b' echoes are dependent on several different vari-
ables, which allows for the analysis and evaluat ion of subsequent boundaries 
of the tube/support structure. It can be seen from Equation 1, as well as 
experimentally, that the destruction of tube wall boundaries will re suIt in 
scattering and in a significant reduction of reflected echoes. However, 
corrosion of the support plate will have little or no effect on class 'a' 
echoes since these echoes represent only the reflection characteristics of 
tube wall. Corrosion manifests itself in the characteristics of class 'b' 
echoes which allow a proper interpretation of corrosion by examining the 
reduction and spreading of support plate echoes. The presence of 'a' echoes 
masks 'b' echoes which necessitates class 'a' and 'b' echo decomposition 
through a proper experimental set-up coupled with suitable signal processing. 
The decomposition and further evaluat ion of these two sets of multiple echoes 
can provide more detailed informat ion concerning the progress of corrosion 
in support plates and denting problems on the tube walls. 
EXPERIMENTAL RESULTS & DISCUSSIONS 
Transducer Configuration 
For routine ultrasonic evaluat ion of steam generator tube/support 
plates, the choice of transducer and transducer apparatus must be practical 
and proficient. The transducer's position with respect to the target and 
reflector plays an important role in properly focusing the ultrasonic beam 
onto the tube wall. The focal point of the transducer must lie on the sur-
face of the tube wall, and provide minimal deviat ion from the normal entry 
angle. This condition will decrease differences in the time-of-flight of 
incident rays, and, therefore, minimize echo distortion. 
In our present studies, the transducer used has a center frequency of 
20 MHz, a transducer element of 0.035" by 0.016", and a focal length of .5" 
(cylindrically focussed). The transducer apparatus (See Figure 2) is designed 
such that: (1) it projects the beam onto the plane of the inconel tube for 
inspection; (2) it provides mobility in the vertical and rotational direc-
tions with the usage of rubber O-rings; and (3) it provides position stabi-
lity due to its precise fitting. The reflector used is a plane mirror 
oriented at a 45 degree angle. 
Verification of Echo Classification 
Experimental verification of our classification techniques and their 
usefulness is investigated in ultrasonically testing the multilayer struc-
ture consisting of water, inconel layer (56mils), water gap and steel support 
plate. Results are shown in Figure 3. The uppermost A-scan in this figure 
shows reverberation echoes produced by the 56 miI thick flat inconel layer, 
suspended in a water bath. As expected, the uniformly spaced class 'a' echoes 
decrease with time as energy leaks from the reverberating wave packet into 
the surrounding water bath. The center trace shows the effect of positioning 
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Figure 2. The Transducer Assembly 
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Figure 3. Example of Echo Classification 
a steel plate behind the inconel tube in such a way that it leaves a water 
gap of approximately 10 mils. Although the addition of te support plate 
introduces class 'b' echoes, their exact location is not easily resolved. 
By substracting the reference signal (upper trace) from the A-scan of the 
multilayer structure (center trace), class 'a' echoes can be removed, 
clearly revealing the locations of class 'b' echoes. The bottom trace of 
Figure 3 shows the result of this simple processing. In this trace, the 
inverted 'b' type echoes are easily identified and show the characteristic 
increase in amplitude with intreasing time. Finally, the water gap width 
is determined from the measured delay between a type 'a' echo and its 
associated type 'b' echo as shown in the figure. 
Denting and Corrosion 
The denting of steam generator inconel tubing due to nonpuotective 
magnetite formations has been simulated by using tapered or dented tubes 
to assess the sensitivity of the ultrasonic system and to develop procedures 
for automatle pattern recognition and characterization. An inconel tube 
was deformed by tapering the outside as shown in Figure 4, and the other 
tube has a partial flat-bottom hole with a depth of 4 mils. 
The tapered tube measurements are shown in Figure 5. The unaltered 
tube thickness is equal to 62.5 mils, and, after tapering, the smallest 
tube thickness is 37.5 mils. Five equally-spaced measurements were taken 
on the tapered half of the tube shown in Figure 4. The results (see 
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Figure 5. Tapered Tube Experimental Results 
Figure 5) reveal changes in various positions indicating different tube 
thicknesses. Figure Sa is the signal hom the untapered tube wall, where 
all 'a' echoes are present. The signal in Figure 5b indicates a sudden 
change in the outer tubes wall which causes most of the enrgy to be reflected 
away from the receiving unit and results in a significant reduction and dis-
tortion 'of the intensity of tube echoes. The signals in Figure 5c-e show 
the gradual compression of 'a' echoes indicating a reduction in the tube 
wall thickness. Also, those three signals show sequentially a prolongation 
of the number of reverberant echoes which implies that the inner and outer 
boundaries are becoming more parallel and that more echoes are reflected 
towards the transducer. 
The presence of flaws on the tube wall results in a reduction of the 
intensity of 'a' echoes, as flaws scatter some of the energy away from trans-
ducer. The experimental flaw measurement results are shown in Figure 6, 
where the signals were taken in three different places on the tube; (1) at 
the vndented portion of the tube, (2) at the edge of the hole, and (3) at 
the center of the hole. The hole is flat bottomed with a depth of 4 mils. 
Trace 1 represents the tube signal in the absence of dent or flaw. Trace 2 
shows severe degradat ion of the echoes because a large' amount of the signal is 
reflected away from the detectable beam field. The attenuation of the 'a' 
echoes of Trace 3 is about 2-3 dB down from the 'a' echoes of Trace 1 (re-
ference signal) and may be caused by the surface roughness of the flat-bottom 
hole. These results confirm the reliability of examining 'a' echoes to 
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Figure 6. Dented Tube Experimental Results 
describe the condition of the tube wall. 
Presently, we have a limited number of corroded samples available to 
us which provide different spectrums of corrosion. A random selection of 
preliminary ultrasonic measurements of available samples are shown in Figure 
7. Traces 1-3 come from the same tube/support sample, and traces 4-5 come 
from a different sample. Corrosion at the highest degree usually becomes a 
bridge in the gap which destroys the boundaries as shown in traces 1-3. The 
effects of corrosion at a les ser degree can be observed in traces 4 and 5. 
The present results suggest that a variety of echo patterns can be expected 
depending on the degree of corrosion or denting that exists. It is our ob-
jective to investigate a broad range of situations and classify them by their 
echo characteristics. 
Oblique Angle Scanning 
The use of oblique angle scanning is a complementary procedure to normal 
angle scanning that results in an automatic rejection of tube echoes. This 
enables us to detect support plate echoes without the interference of tube 
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Figure 7. Example of Experimental Measurements 
Associated with Varying Degrees of Corrosion 
echoes. For detecting support plate echoes, it is necessary for the re-
flecting surface of the support plate to be normal, or near normal, to the 
incident ultrasonic beam. Any significant deviations in the orientat ion of 
the support plate to be normal, or near normal, to the incident ultrasonic 
beam. Any significant deviations in the orientation of the support plate 
will result in reflecting the incident ultrasonic beam away from the receiv-
ing unit, except when the support plate has a rough surface. Furthermore, 
flaws in the tube walls are sometimes difficult to detect when using normal 
scanning, due to the orientation of the flaw, however, with the use of ob-
lique angle scanning flaws are more visible because of the improved viewing 
geometry. 
The results of oblique scanning of the tube/support structures are shown 
in Figure 8. The data was taken using an inconel tube with a position ad-
justable steel support plate. For the purpose of demonstration, the support 
plate was moved to give the best possible reflection. Oblique scanning auto-
matically rejects almost alI the tube echoes and provides improved resolution 
and visibility of the support plate echoes as shown in Figure 8. 
It is important to point out that mode conversion is evident with ob-
lique angle soanning. When scanning at an oblique angle there are two waves 
produced in the tube wall, namely, longitudinal and shear. As a result, the 
complexity of the reverberation increases significantly. Nevertheless, for 
a small incident angle the intenf,ity of the shear wave is relatively small 
and can be ignored. 
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Figure 8. Results of Oblique Angle Scanning 
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